The product of the human C21orf57 (huYBEY) gene is predicted to be a homologue of the highly conserved YbeY proteins found in nearly all bacteria. We show that, like its bacterial and chloroplast counterparts, the HuYbeY protein is an RNase and that it retains sufficient function in common with bacterial YbeY proteins to partially suppress numerous aspects of the complex phenotype of an Escherichia coli ΔybeY mutant. Expression of HuYbeY in Saccharomyces cerevisiae, which lacks a YbeY homologue, results in a severe growth phenotype. This observation suggests that the function of HuYbeY in human cells is likely regulated through specific interactions with partner proteins similarly to the way YbeY is regulated in bacteria.
Introduction
huYBEY (C21orf57) is an uncharacterized gene located at 21q22.3 in the smallest human autosome, chromosome 21 [1] . Dysregulation of huYBEY expression levels has been observed in several human diseases, including Down syndrome, and also in various cancers [2] [3] [4] . Although little is known about its function, HuYbeY is a member of the highly conserved UPF0054 family [5] and shares 23% sequence identity with Escherichia coli YbeY (EcYbeY) [6] . Homologues of E. coli YbeY are found in nearly every sequenced bacterial strain [7] . Even the small genomes of the unusual bacteria in the recently recognized Candidate Phyla Radiation (CPR) [8] , which lack multiple biosynthetic pathways and have divergent 16S rRNA genes, include a ybeY gene [8] . ybeY is one of the 206 genes postulated to comprise the minimal bacterial genome set [9] .
Bacterial YbeY proteins were originally defined as metalloproteins based on structural analyses, which revealed that three highly conserved histidine residues (H114, H118 and H124 in EcYbeY) and a water molecule coordinate a metal ion [10] [11] [12] . The biological function of bacterial YbeY was first characterized in the nitrogen-fixing plant symbiont Sinorhizobium meliloti. A S. meliloti mutant lacking a functional ybeY gene was found to be defective in symbiosis with its legume hosts and to be sensitive to strikingly broad array of environmental stresses [13] . Subsequent studies demonstrated that EcYbeY is a heatshock protein [14] and implicated YbeY in translation on the basis of a decrease of 70S ribosomes and polysomes and production of defective 30S subunits in an E. coli ΔybeY mutant [7, 14, 15] . Our group showed that the maturation of the 5′ and 3′ termini of E. coli 16S rRNA and 5′ termini of 23S and 5S rRNA are severely affected in the absence of ybeY. Furthermore, we demonstrated that ybeY mutations exhibit strong genetic interactions with mutations in rnr, pnp and rnc, which encode RNase R, polynucleotide phosphorylase (PNPase) and RNase III, respectively [7] . An E. coli ΔybeY Δrnr double mutant was found to have a pronounced growth defect and to exhibit a massive impairment of 16S rRNA maturation, the first indication of the involvement of YbeY and RNase R in the critical maturation of the 3′ terminus of 16S rRNA [7, 16] . Since then, we have demonstrated that, like EcYbeY, Vibrio cholerae YbeY is an RNase with similar properties and acts together with RNase R in 70S ribosome quality control [17, 18] . S. meliloti YbeY has recently been shown to be an RNase as well [19] .
In addition, YbeY function is needed for other important bacterial physiological processes including both Hfq-dependent and Hfq-independent regulation of small RNAs [20] , transcription antitermination [21] , and apoptosis-like death (ALD) in E. coli [22] . Although genome-wide deletion or transposon libraries have revealed ybeY to be essential in several human pathogens [17] , only few studies have investigated YbeY function in bacteria beside E. coli or S. meliloti [17, 23, 24] . Interestingly, reduction of YbeY expression levels in V. cholerae results in defects in rRNA processing and ribosome quality control, changes in small RNA regulation, decreased stress tolerance, and ultimately a strongly compromised virulence potential [17] . Most recently, we have used bacterial 2-hybrid analysis to show that EcYbeY interacts with multiple partners including ribosomal protein S11, the GTPases Era and Der, the stress regulator SpoT and its operon partner YbeZ [25] . Interactions with S11 and Era appear to target the relatively non-specific endoribonuclease activity of YbeY during processing of the 3′-terminus of 16S rRNA, suggesting that interactions with various partner proteins are likely to be important for YbeY's other physiological functions as well [25] .
Homologues of YbeY are encoded in the genomes of many eukaryotes including mammals and plants although not in yeast or fungi. However, to date, detailed characterizations of YbeY function in eukaryotes have been limited to a single study of a plant [26] . The Arabidopsis thaliana homologue of YbeY (AtYbeY) has been shown to be an RNase that localizes to chloroplasts [26] , where it is involved in processing of chloroplast 23S, 16S, and 4.5S rRNAs in the plant. In the absence of YbeY, plants show a defect in seed germination and growth, and leaves become pale-green [26] . In contrast HuYbeY and its mouse ortholog have been reported to be part of the proteome of a different organelle, the mitochondrion [27] .
The discovery that both bacterial and plant YbeY proteins are RNases that affect a wide range of important physiological processes suggested that the human YbeY homologue, HuYbeY, might also be an RNase that plays important physiological roles. We show here, for the first time, that HuYbeY is an RNase and that the disruption of its putative RNase active site abrogates its activity. Furthermore, we demonstrate that HuYbeY is able to partially suppress the pleiotropic phenotype of an E. coli ΔybeY mutant strain. We also report that expression of HuYbeY in yeast is toxic, suggesting that the action of YbeY in human cells is likely to be highly controlled.
Materials and Methods
Standard molecular manipulations, protein purifications, RNase assays, and stress tests were done as described before [7, 17, 18] with minor modifications. Experimental procedures are described in detail in Supplementary Materials.
Results and Discussion

HuYbeY is closely related to bacterial YbeY proteins
EcYbeY has two well-defined interfaces that are involved in RNA and/or protein interactions ( Fig. 1A and 1B) . First, the active site of EcYbeY consists of a channel composed of alpha-helixes that includes a highly conserved metal-binding histidine-triad (H3XH5XH motif; H114, H118, H124) and a conserved arginine (R59) at the bottom of the channel [7, 18] ; mutations of the H3XH5XH motif or R59 result in loss of YbeY's RNase function. Second, we recently showed that certain residues (e.g. D85) located in a 4-stranded beta-sheet outside of the active site are important for interactions between EcYbeY and ribosomal protein S11; these interactions with the ribosome were also found to be important for EcYbeY's role in rRNA maturation and stress regulation [25] . In addition, bacterial YbeY proteins share structural similarities with the MID domain of Argonaute (AGO) proteins, consistent with the observed involvement of YbeY in both Hfq-dependent and Hfqindependent small-RNA regulation in bacteria [17, 20, 28] .
HuYbeY is a 167 amino acids long protein. Based on cDNA analysis, it has three additional isoforms that are smaller in size, each missing a portion of the canonical protein sequence [29] (Fig. S1 ). The full-length version of HuYbeY protein was aligned with EcYbeY ( Fig.  1A ) and was structurally modeled using EcYbeY as template (Fig. 1B) [6] . The structural homology model of HuYbeY shows that the overall architecture of bacterial YbeY proteins is well conserved in the human homologue. In particular, key residues in domains responsible for enzyme activity and protein-protein interactions are also conserved, e.g. HuYbeY R55, D90, and H118, which correspond to EcYbeY R59, D85, and H114 respectively. Interestingly, relative to EcYbeY, HuYbeY has an insertion of 9 amino acids (G75-P83) between two conserved beta-sheets. These extra amino acids might possibly serve as an additional protein interaction domain.
HuYbeY is an RNase
Sequence similarity to EcYbeY and other UPF0054 family members suggested that HuYbeY was likely to share a common enzymatic function with its bacterial and chloroplast YbeY counterparts. To assess directly whether HuYbeY is an RNase, we overexpressed and purified recombinant MBP-tagged HuYbeY (MBP-HuYbeY) protein. The MBP was not cleaved from the recombinant protein in order to keep it soluble. Two mutant MBP-HuYbeY proteins were similarly purified: MBP-HuYbeY R55E H118A has two amino acid changes altering the presumptive catalytic site, while MBP-HuYbeY R55E D90R has one mutation altering the presumptive catalytic site and a second one altering the putative protein interaction domain (Fig. S2A) . The RNase activity of these purified recombinant MBPHuYbeY proteins was tested on total RNA extracted from human cells. Wild-type MBPHuYbeY protein was able to degrade the total RNA within two hours, whereas the mutant MBP-HuYbeY proteins were inactive (Fig. 1C) . These results indicated that HuYbeY has an RNase activity that is dependent on the same active site residues as EcYbeY. Nevertheless, since mass spectrometric analysis revealed a small amount of the PNPase contamination in the preparations of both the recombinant wild-type and mutant MBP-HuYbeY proteins (Fig.  S2B) , we repeated the expression and purification of MBP-HuYbeY from an E. coli strain lacking PNPase to eliminate any possibility that the observed RNA degradation was due to this PNPase contaminant. For this purpose, our standard E. coli expression strain E. coli BL21(DE3) plysS Δrna [18] was further modified by deletion of pnp, generating E. coli BL21(DE3) plysS Δrna Δpnp. Wild-type MBP-HuYbeY purified from this strain retained its RNase activity confirming that, similar to other characterized members of the UPF0054 family, HuYbeY is an RNase (Fig. 1D-F) .
Expression of HuYbeY in E. coli ΔybeY partially suppresses the complex phenotype of the mutant strain E. coli ΔybeY strains grow slowly compared to the respective wild-type strains and are strikingly sensitive to a wide variety of environmental stresses [7, 18] . Ectopic expression of EcYbeY or homologues from various bacterial pathogens or the plant symbiont S. meliloti fully rescues the functional loss of YbeY [7, 17, 18] . To test whether HuYbeY has sufficient function in common with bacterial YbeY proteins to exert a physiological effect in bacteria, we cloned the cDNA encoding HuYbeY into plasmid pBR322 under the control of a constitutive tetracycline promoter [7] . Three mutated versions of the C21orf57 gene, which encodes huYBEY gene, were also cloned. Each of the mutated genes encodes a HuYbeY protein with a single amino acid change: R55E, D90R or H118A (Fig. 1B) . Remarkably, despite its very considerable sequence divergence from EcYbeY, HuYbeY retains sufficient common function to moderately suppress the slow growth phenotype of an E. coli ΔybeY mutant. None of the three HuYbeY mutants had any effect when expressed, indicating that this suppression requires the catalytic function of YbeY as well as very likely the surface near the conserved beta-sheet aspartate D90 of HuYbeY, which corresponds to D85 of EcYbeY.
YbeY is a heat-shock protein that is indispensable at higher temperatures (42°C and higher) [7, 14] . We observed that EcYbeY expression, not HuYbeY expression, allows cellular growth of a ΔybeY mutant at 42°C (Fig. 2B) . Nevertheless, despite this, HuYbeY is clearly able to provide a protective effect at 42°C since ΔybeY cells that express HuYbeY during the heat treatment are able to resume growth in liquid media following a temperature shift back to 37°C whereas ΔybeY cells cannot (Fig. 2B) .
Studies in S. meliloti, E. coli, and V. cholerae have shown that the absence or reduced levels of YbeY increase the sensitivity of cells to a broad range of environmental stresses besides heat, including inhibitors of translation (e.g. kasugamycin), cell wall synthesis (e.g. cefotaxime), DNA damage (e.g. UV), and oxidative stress (e.g. H 2 O 2 ) [7, 13, 17] . We therefore exposed E. coli ΔybeY strains that express either wild-type HuYbeY or mutant HuYbeYs to heat-treatment or sublethal doses of UV, cefotaxime or kasugamycin and assessed stress sensitivity by standard spotting stress assays on plates; strains grown at 37°C in the absence of any stress agent are shown as controls (Fig. 2C) . For all of these diverse stresses, we observed that HuYbeY retained sufficient function in common with EcYbeY to partially suppress the sensitivity of a ΔybeY mutant when it was expressed. In these cases as well, the partial suppression requires the catalytic function of YbeY (EcYbeY R59 and H114/HuYbeY R55 and H118) and possibly the surface near the conserved beta-sheet aspartate (EcYbeY D85/HuYbeY D90).
A hallmark of the phenotype of an E. coli ΔybeY mutant is its severe defect in translation, which is manifested by reduced protein synthesis rates, reduced translational fidelity, a decrease of 70S ribosomes and polysomes, and impaired rRNA maturation [7] . The total rRNA profile of an E. coli ΔybeY mutant shows a significant decrease of mature 16S rRNA and a concomitant increase of 17S rRNA (the unprocessed 16S rRNA precursor), as well as the presence of 16S* rRNA, an aberrant 16S rRNA fragment lacking the mature 3′ terminus [7, 18] . HuYbeY expression did not rescue the rRNA maturation defect that is typical for the mutant strain at 37°C (Fig. S3A) but did reduce the amount of 16S* rRNA slightly. Moreover, RNA isolated from cells after a 2-hour incubation at 45°C showed that expressing HuYbeY had the beneficial effect of converting some of the 17S precursor to mature 16S rRNA (Fig. S3B ). This observation may account for the improved growth of an E. coli ΔybeY mutant in the presence of HuYbeY after the 42°C heat-shock described above (Fig.   2B) . Thus, for all the stressors we tested, HuYbeY retains sufficient activity in common with bacterial YbeY to partially suppress the complex phenotype of an E. coli ΔybeY mutant and that all of these effects require its enzymatic activity.
Expression of HuYbeY in yeast causes severe toxicity
The 19 amino acid long N-terminal sequence of all isoforms of HuYbeY, including the fulllength protein (Fig. 1A and Fig. S1 ), is strongly predicted to be a putative mitochondrial targeting sequence (MTS) by MITOPROT and TargetP v1 [30, 31] . Moreover HuYbeY and its mouse ortholog are classified as mitochondrial proteins by both MitoCarta2.0 [27, 32] and IMPI [33] . The assignment of HuYbeY and its mouse ortholog to the mitochondrial matrix is supported by multiple pieces of evidence including APEX-labeling and tandem mass spectrometry [27] . However, an assessment of HuYbeY's subcellular localization is complicated by evidence obtained during antibody-based profiling of human chromosome 21 that HuYbeY localizes to the nucleus, although not the nucleoli [34] .
The cDNA encoding full-length HuYbeY was cloned downstream of an inducible GAL1 promoter in an E. coli-yeast shuttle vector and expressed in Saccharomyces cerevisiae. We reasoned that expression of the HuYbeY RNase in a cellular environment lacking the protein partners that normally direct and regulate its activity would likely be highly detrimental. Indeed, expression of HuYbeY in S. cerevisiae proved extremely toxic, indicated by an overall reduction and strong heterogeneity of colony sizes (Fig. 3A) . Remarkably, all HuYbeY variants (R55E, D90R or H118A) that carry mutations at residues shown above to be important for HuYbeY function (Fig. 1) , presented a similar toxic phenotype after standard growth of transformants at 30°C for 2 days (Fig. 3A) . Extended incubation at room temperature revealed an interesting growth phenotype (Fig. 3B) : transformants expressing HuYbeY wildtype protein or mutant proteins R55E and H118A with changes in the active site of HuYbeY were able to grow, albeit noticeably slower than transformants containing the empty expression vector; in contrast, expression of HuYbeY D90R, which carries a mutation in the predicted protein-protein interface based on homology with EcYbeY, continued to be extremely toxic for yeast.
To provide an independent assessment of the MTS sequence of HuYbeY to direct the protein to mitochondria, we also generated a HuYbeY expression construct lacking the predicted MTS (Δmts) to assay for mitochondrial deficiency manifested through specific formation of small colonies, also known as petite (ρ − ) mutants, on a non-fermentable carbon source such as glycerol [35, 36] . Unfortunately, because of the strong toxicity observed in raffinose medium upon induction of wild-type and mutant HuYbeY expression in yeast, we were unable to detect further distress through growth on glycerol (Fig. 3A and 3B) . Removal of the predicted HuYbeY MTS causes only a moderate rescue of the severe growth phenotype, but the effects of expressing wild-type or Δmts HuYbeY in yeast were not specific to the nature of the carbon source (fermentable/raffinose vs. non-fermentable/glycerol). As expected, the addition of glucose to the medium repressed HuYbeY expression from the GAL1 promoter and alleviated the toxic phenotype in yeast (Fig. 3A) .
Further work will be required to determine whether the report in the Human Protein Atlas [37] that HuYBeY localizes to the nucleoplasm of cells rather than to mitochondria is due to i) as of yet unknown regulatory mechanisms underlying the subcellular localization of HuYbeY, mechanisms that are more complicated than suggested by HuYbeY's mitochondrial targeting sequence, ii) the particular antibody used, iii) a different isoform of YbeY being detected, or iv) the use of cancer cell lines (osteosarcoma U-2 OS, epithelial carcinoma A-431, malignant glioma U-251 MG) rather than normal tissues.
Concluding remarks
Our results demonstrate that HuYbeY, the protein encoded by the uncharacterized human gene huYBEY (C21orf57), resembles characterized bacterial and chloroplast members of the highly conserved UPF0054 family in possessing an RNase activity and that, despite its very considerable evolutionary divergence, HuYbeY retains sufficient function in common with EcYbeY to partially suppress many aspects of the complex phenotype of an E. coli ΔybeY mutant. We also demonstrate that expression of HuYbeY in S. cerevisiae, a eukaryote that does not encode a YbeY protein, is highly toxic. Our findings suggest that the toxicity of HuYbeY expression in yeast is most likely not linked to its RNase activity, but rather to unfavorable or non-regulated interactions of HuYbeY with proteins or nucleic acids, ultimately affecting cell physiology. These observations are consistent with the notion that HuYbeY function in human cells must be directed and regulated by evolved partners as YbeY function is in bacteria [25] and are a first indication for the possible involvement of HuYbeY in human diseases that are associated with the dysregulation of cellular HuYbeY levels.
Although the biological roles of HuYbeY remain uncharacterized, there are indications that HuYbeY may play important roles in human health. For example, huYBEY is one of nine chromosome 21 genes in Down individuals that are expressed more highly than the expected 1.5 fold [2] and it is one of the most highly overexpressed chromosome 21 genes in Down neural progenitor cells [38] . In examples related to cancer, a likely loss-of-function huYBEY mutation has led to huYBEY being classified as a potential causative candidate gene for colorectal adenomatous polyposis and a partial duplication of the 3′ end of the huYBEY gene has been identified in a patient with early-onset breast cancer [3, 4] . We hope that the insights and principles reported here will help to guide further investigations of HuYbeY's physiological and medical significance in humans. 
